1. Oriented Enzyme Immobilisation
=================================

Enzymes can be viewed as industrial catalysts and have applications ranging from fine chemical synthesis to environmental bioremediation \[[@B1-molecules-19-08629],[@B2-molecules-19-08629]\]. In general, enzymes have high activity under chemically mild conditions (low temperature, atmospheric pressure, near-neutral pH) and high specificity for their substrates. Despite these advantages, industrial use of enzymes can be hindered by lack of stability, the challenge of separation from product, and difficulty recycling the soluble enzyme. For multimeric enzymes the stability problem is even more pronounced as dissociation of the subunits at low concentrations is the first step in deactivation of the enzyme and leads to additional contamination of the final product. Immobilisation of enzymes overcomes these drawbacks. Immobilising an enzyme enhances performance under harsh conditions (temperature, pH, *etc*.) and increases stability \[[@B3-molecules-19-08629]\]. Immobilisation also allows simple separation of the catalyst from the product and facilitates re-use. Three broad categories of enzyme immobilisation exist: attachment to a solid support, encapsulation within a carrier, and carrier-free cross-linking \[[@B4-molecules-19-08629]\]. In some techniques, the activity of the enzyme can be enhanced and its selectivity altered. If performed with care, immobilisation can also prevent subunit dissolution and keep the local concentration of enzyme high \[[@B5-molecules-19-08629]\].

In addition to the increase in stability and recyclability, immobilisation provides the opportunity to co-localise multiple enzymes creating a synthetic multienzyme complex (MEC) that mimics structures found in nature and allows for more complex, multistep reaction *in vitro* \[[@B6-molecules-19-08629]\]. Further, oriented immobilisation has been considered important for higher catalytic activity, optimal electron exchange between the redox enzymes and support material, and activation of hydrophobic active sites for hydrophobic substrates \[[@B7-molecules-19-08629]\]. In the case of redox enzymes, the enzyme active site needs to be in close proximity to the carrier so the transfer of electrons can occur. In other cases, such as the immobilisation of subtilisin, the active site may need to be fully exposed to the solute to allow efficient access by the substrate \[[@B8-molecules-19-08629]\]. Using particular attachment sites can alter an enzymes properties including enhanced stability \[[@B3-molecules-19-08629]\]. Finally, oriented enzyme immobilisation is also thought to be crucial for the optimal function and miniaturisation of biosensors \[[@B7-molecules-19-08629]\]. This review covers the advances made in a particular *in vivo* enzyme immobilisation technique using the natural properties of bacterial polyhydroxyalkanoate (PHA) inclusion formation to generate oriented display of enzymes attached to a solid support.

2. Polyhydroxyalkanoate Biobeads
================================

PHAs, also referred to as bioplastics or biopolyesters, are naturally occurring polyesters composed of (*R*)-3-hydroxy fatty acids. Many bacteria and some archaea are able to produce PHAs under carbon-excess and nitrogen-limiting conditions \[[@B9-molecules-19-08629]\]. These polyesters are stored as water-insoluble inclusions inside the cells and serve as energy and carbon storage polymers \[[@B10-molecules-19-08629],[@B11-molecules-19-08629],[@B12-molecules-19-08629]\].

Formation of the most common short chain-length PHAs, such as polyhydroxybutyrate, requires three key enzymes. The β-ketothiolase (PhaA) catalyses the condensation of acetyl-CoA, acetoacetyl-CoA reductase (PhaB) reduces the condensation product acetoacetyl-CoA into PHA precursor molecule (*R*)-3-hydroxybutyryl-CoA, and the PHA synthase (PhaC) polymerises the precursor molecule into PHA \[[@B13-molecules-19-08629],[@B14-molecules-19-08629]\]. The PHA biosynthesis pathway from the PHA inclusion model organism *Ralstonia eutropha* has been successfully transferred to and established in recombinant bacteria like Gram-negative *Escherichia coli,* as well as Gram-positive organisms such as *Corynebacterium glutamicum* and *Lactococcus lactis* \[[@B15-molecules-19-08629],[@B16-molecules-19-08629],[@B17-molecules-19-08629]\]. In these recombinant systems, PhaA and PhaB are produced as soluble proteins. The PhaC is under the control of an inducible T7 promoter and the expressed enzyme remains covalently attached to the growing PHA chain.

As the PHA synthase (PhaC) remains covalently attached to the polyester core of the inclusions, it is considered as an important tag for anchoring target proteins on the surface of PHAs and to produce functionalised biobeads. This is achieved by first constructing fusions of the PhaC to proteins of interest. Production of these fusion proteins in recombinant bacteria (either natural or engineered PHA producers) leads to the formation of functionalised PHA biobeads. A significant advantage to this approach is the elimination of a chemical attachment step of the free enzyme to a support material. This crosslinking step is often expensive or difficult and results in a random orientation of enzymes to the support material surface. In contrast, the PhaC fusions anchor the protein of interest in a defined orientation to the biopolyester surface *in vivo* meaning the protein of interest is being immobilised prior to isolation. Other ways to get oriented enzyme display have been reviewed, including site-directed mutagenesis \[[@B18-molecules-19-08629]\].

3. *In Vivo* Immobilisation and Surface Display
===============================================

In natural producers of PHB, phasins (PhaP) can comprise up to 5% of the intracellular proteins making it the most abundant granule-associated protein \[[@B19-molecules-19-08629]\]. The potential for PhaP to be used as the anchor protein for recombinant enzyme immobilisation and display was demonstrated by the fusion of β-galactosidase to PhaP via a self-cleaving intein \[[@B20-molecules-19-08629]\]. PHA biobeads were separated from lysed cells by gradient centrifugation and the β-galactosidase was cleaved using a DTT-containing solution. The purified β-galactosidase had a specific activity of 53 U/μmol, comparable to other purification methods \[[@B20-molecules-19-08629]\]. Additionally, recombinant human tissue plasminogen activator (rPA) was fused to PhaP with a thrombin cleavage site as the linker \[[@B21-molecules-19-08629]\]. As rPA is a serine protease with multiple disulfide bonds, recombinant expression is difficult. In the fibrin degradation assay, rPA was found to be active both when attached to the biobeads and after cleavage into solution with thrombin \[[@B21-molecules-19-08629]\].

PhaC can be divided into Classes I to IV based on quaternary structure and composition of the PHA synthesised. Not only Class I but also Class II PhaC has been demonstrated capable of immobilising enzymes on PHA biobeads. Both Class I and Class II PhaC consist of only one subunit. However Class I PhaC produces short-chain-length PHA, while Class II PhaC yields medium-chain-length PHA \[[@B10-molecules-19-08629]\].

In 2006 β-galactosidase was successfully immobilised on PHA beads using a PHA-negative mutant of *Pseudomonas aeruginosa* and by fusing this enzyme N-terminally to Class II PHA synthase from *P. aeruginosa* \[[@B22-molecules-19-08629]\]. Further studies switched to an engineered *E. coli* PHA producing system using N- and/or C- terminal fusions to Class I PhaC from *R. eutropha* in order to immobilise a series of technical enzymes \[[@B23-molecules-19-08629],[@B24-molecules-19-08629],[@B25-molecules-19-08629],[@B26-molecules-19-08629]\].

A variety of enzymes ranging from oxidoreductase (NemA), hydrolase (for example, β-galactosidase, LacZ \[EC 3.2.1.23\]; α-amylase, BLA \[EC 3.2.1.1\]; and organophosphohydrolase, OpdA \[EC 3.1.8.1\]), lyase (*N*-acetylneuraminic acid aldolase, NanA \[EC 4.1.3.3\]), to isomerase (*N-*acetylglucosamine 2-epimerase, Slr1975 \[EC 5.1.3.8\]) were successfully immobilised to PHA biobeads \[[@B23-molecules-19-08629],[@B24-molecules-19-08629],[@B25-molecules-19-08629],[@B26-molecules-19-08629]\]. These enzymes differed in quaternary structures from monomer (BLA), dimer (OpdA, Slr1975) to tetramer (NanA, LacZ), and ranged in monomer size from about 33 kDa (NanA) to 116 kDa (LacZ) \[[@B27-molecules-19-08629],[@B28-molecules-19-08629],[@B29-molecules-19-08629],[@B30-molecules-19-08629],[@B31-molecules-19-08629]\]. In addition, two of the immobilised enzymes (BLA and OpdA) are secreted in their original hosts. Enzymes originated from a variety of hosts such as Gram-positive bacterium *Bacillus licheniformis* (BLA); as well as Gram-negative bacteria *E. coli* (LacZ, NemA, NanA), *Agrobacterium radiobacter* (OpdA) and the cyanobacterium *Synechocystis* sp. (Slr1975)*.*

Immobilisation of enzymes to PHA biobeads by fusion to either PhaP or PhaC has been shown to be viable. PhaP attaches to the PHA biobead through hydrophobic interactions whereas PhaC is stabilised by a covalent attachment to the PHA polymer itself. Additionally, the use of PhaP as an anchoring protein requires an extra gene which is strictly unnecessary for the recombinant production of PHA biobeads. Elimination of PhaP allows for PhaC to coat the outer surface of the PHA biobeads. Possibly due to its weaker interaction with the PHA biobead, PhaP is used when isolation of soluble enzyme is desired \[[@B20-molecules-19-08629],[@B21-molecules-19-08629]\]. For enzyme immobilisation, PhaC has been seen as the anchoring protein of choice, especially if harsh reaction conditions and multiple recycles are required \[[@B24-molecules-19-08629],[@B25-molecules-19-08629],[@B26-molecules-19-08629]\].

4.*In Vitro* Immobilisation and Surface Display
===============================================

In addition to the *in vivo* approach, PHA biobeads can also be produced *in vitro* \[[@B32-molecules-19-08629],[@B33-molecules-19-08629]\]. This method involves first expressing and purifying the PhaC-fusion protein from a recombinant host then PHB nanoparticles (diameter 200 nm) are formed from pure PHB. Finally, the PhaC-fusion protein, PHB nanoparticles, and the PhaC substrate 3-hydroxybutyryl-coenzyme A (3-HB-CoA) are mixed together. PhaC polymerises the 3-HB-CoA forming a fusion protein-PHB hybrid molecule. The growing hydrophobic PHB chain is pushed towards the hydrophobic PHB nanoparticle with the fusion protein facing the aqueous environment. So far, this approach has only been used to immobilise the targeting peptide RGD4C \[[@B32-molecules-19-08629]\] and green fluorescent protein (GFP) \[[@B33-molecules-19-08629]\] but the same principle could apply to enzyme immobilisation in the future. The RGD4C tagged biobeads were shown to be targeted to MDA-MB 231 breast cancer cells *in vitro* and able to deliver the lipophilic dye Nile Red as a model drug \[[@B32-molecules-19-08629]\]. The advantages of an *in vitro* approach to PHA biobeads are control over biobead purity as well as size which can be modulated by the amount of 3-HB-CoA added to the emulsion. The disadvantages are the increase in complexity and production costs when compared to the one-step *in vivo* immobilisation of fusion protein.

5. Orientation of Biobead Immobilised Enzymes
=============================================

The orientation of an enzyme crosslinked to a support material is critical for its functionality/activity *i.e.*, the ability to bind and convert a substrate. For example, structural analysis of a lipase from *Thermomyces lanuginosus* (TLL) showed that the enzyme possesses an alpha-helical surface loop lid (a common structure of lipases) that governs access of reaction media to the hydrophobic active site \[[@B34-molecules-19-08629],[@B35-molecules-19-08629],[@B36-molecules-19-08629]\]. TLL, like most lipases, is activated at the oil/water interface which induces the lid to open providing access to the active site of the enzyme. Immobilisation of TLL to a hydrophobic support by utilising this interfacial activation, orientates the enzyme so that it is stabilised in its open conformation and leads to hyperactive levels of activity \[[@B37-molecules-19-08629],[@B38-molecules-19-08629]\].

As described above, the enzymes fused to PhaC are displayed on the surface of PHA beads. PhaC dictates a homogenous orientation of its fusion partner at the surface of the beads which, if properly engineered, provides maximum interaction with substrate, hence leading to high specific activity of the immobilised enzyme. Additionally, the non-porous nature of the PHA beads avoids the problem of substrate diffusion by enabling convective interactions. Due to the co-translation of enzyme-PhaC fusions, enzymes are orientated in one of two directions, depending on whether the fusion occurs at the N or C-terminus ([Figure 1](#molecules-19-08629-f001){ref-type="fig"}). For example, a variant of a thermostable α-amylase from *B. licheniformis* has been fused by its C-terminus to PhaC and lead to the successful production and isolation of PHA beads that exhibit enzyme activity \[[@B23-molecules-19-08629]\]. Furthermore, in two separate studies, a chromium (VI) reductase (NemA) from *E. coli* and an organophosphate hydrolase from *A. radiobacter* (OpdA) have been fused to PhaC via their N-termini, respectively, and have also resulted in the isolation of enzymatically active PHA beads \[[@B24-molecules-19-08629],[@B26-molecules-19-08629]\]. However, there is evidence that orientation via fusion at either terminus can affect enzyme activity. PHA beads were produced that displayed an *N*-acetylneuraminic acid aldolase (NanA) from *E. coli* that was fused by either its N or C terminus \[[@B25-molecules-19-08629]\]. Under optimal conditions it was shown that fusion protein which had NanA fused at its C-terminus to PhaC (NanA-PhaC) produced beads that exhibited superior NanA activity compared to beads formed from PhaC-NanA. This study also demonstrated the possibility of fusing two enzymes to the PhaC termini simultaneously using NanA and an *N*-acetylglucosamine 2-epimerase (Slr1975) from *Synechocystis* sp. strain PCC 6803. Although beads displaying single enzymes exhibited higher activity, functional dual-enzyme beads could still be obtained, highlighting the potential for immobilising enzymes of the same pathway in close proximity.

![Potential sites of enzyme attachment utilising gene fusions to PHA synthase. N,N-terminus; C,C-terminus.](molecules-19-08629-g001){#molecules-19-08629-f001}

6. Quaternary Structures of Immobilised Enzymes
===============================================

Enzymes used in industry encompass a range of quaternary structures, and the correct conformation of these structures is critical in the display of enzyme activity. Therefore, an enzyme immobilisation system must have a strong bond between enzyme and support while allowing flexibility for the enzyme to fold correctly, *i.e.*, to form its functional quaternary structure. Various enzymes have been immobilised using the PHA immobilisation system and have retained activity, demonstrating the versatility of this system.

A modified thermostable α-amylase (BLA) from *B. licheniformis* was immobilised and displayed on PHA beads \[[@B23-molecules-19-08629]\]. BLA is a monomeric enzyme with a molecular mass of approximately 55 kDa \[[@B29-molecules-19-08629]\]. Interestingly, the BLA-PHA beads were thermostable retaining activity after incubation at 85 °C for 5 h \[[@B23-molecules-19-08629]\]. The OpdA quaternary structure can be deduced from an extensively studied homologue from *Brevundimonas diminuta* (a.k.a *Pseudomonas diminuta*) which has been shown to be dimeric \[[@B28-molecules-19-08629]\]. NanA has been shown to be homotetrameric where each subunit consists of an α/β-barrel domain and three α-helices extending from the C-terminus \[[@B31-molecules-19-08629]\]. Although comparisons with free NanA enzymes were not within the scope of this study, NanA-PhaC and PhaC-NanA beads demonstrated aldolase activity with NanA-PhaC exhibiting superior activity at 590 U/g dry bead weight \[[@B25-molecules-19-08629]\]. In addition, NanA was also fused to PhaC in conjunction with the dimeric enzyme *N*-acetylglucosamine 2-epimerase (Slr1975) from *Synechocystis* sp. strain PCC 6803 to yield beads displaying both enzymes \[[@B25-molecules-19-08629]\]. The structure of a homologous epimerase has been resolved \[[@B30-molecules-19-08629]\]. Interestingly, only NanA-PhaC-Slr1975 beads displayed activity, suggesting limits on the placement of enzyme functions within the PhaC fusion protein. However, Slr1975-PhaC-NanA beads did form, demonstrating the robustness of the PhaC enzyme in exhibiting its own enzyme activity and bead forming ability.

PHA beads have been shown to be capable of displaying active enzymes with varying quaternary structures, and also in different combinations. Being able to fuse enzyme functions to both the N and C-termini of PhaC, as single and dual enzyme functions, demonstrates the versatility and potential of PHA beads in enzyme applications.

7. The Initial Proof of Concept of PHA Synthase Mediated Enzyme Immobilisation
==============================================================================

As mentioned above, the first proof for PHA synthase mediated enzyme immobilisation was obtained in 2006 \[[@B22-molecules-19-08629]\]. β-galactosidase-displaying PHA beads were produced by fusing β-galactosidase from *E. coli* to the N-terminus of Class II PhaC from *P. aeruginosa*.

The PHA-negative mutant of *P. aeruginosa* PAO1 was complemented by plasmid pBBR1JO5-lacZphaC1 containing the LacZ-PhaC fusion protein encoding gene under *lac* promoter control. Cells were cultivated under conditions favouring PHA bead accumulation. Upon bead isolation, the β-galactosidase was demonstrated to be covalently immobilised on the bead surface and showed an activity of 68,000 MU on average, with a *K~m~* of 630 µM and a *V*~max~ of 17.6 nmol/min using orthonitrophenyl-β-[d]{.smallcaps}-galactopyranoside as substrate. This result shed lights on protein engineering of PHA synthase as a platform technology for efficient covalent enzyme immobilisation.

8. Current Applications
=======================

PHA beads have been used to immobilise a variety of enzymes that can be used for a range of applications from food production to the synthesis of fine chemicals. The successful display of a thermostable α-amylase (BLA) could be used in a wide variety of industries that require starch liquefaction including food processing, detergent manufacture, paper processing, and textiles \[[@B39-molecules-19-08629],[@B40-molecules-19-08629],[@B41-molecules-19-08629]\]. Immobilised enzymes have a potential use in the bioremediation of toxic chemicals which would otherwise persist in the environment. Hexavalent chromium is a water-soluble toxin generated by a range of industries including pigment production, leather tanning, wood preservation, stainless steel manufacture, and nuclear technology \[[@B24-molecules-19-08629],[@B42-molecules-19-08629]\]. PHA beads displaying pollutant detoxifying or degrading enzymes will likely enhance the residence time of the respective enzyme in the polluted environment while being fully biodegraded over time. In combination with either *Bacillus subtilis* glucose dehydrogenase or *Candida boidinii* formate dehydrogenase as a cofactor generating partner, PHA beads displaying NemA were able to transform toxic, water-soluble chromium (VI) to relatively non-toxic, water-insoluble chromium (III) \[[@B24-molecules-19-08629]\]. Another bioremediation target is the build-up of certain pesticides. Organophosphate pesticides are highly toxic and intentionally used in farming, particularly in the developing world, and account for approximately 200,000 deaths per year and are considered as a significant global health problem by the World Health Organisation \[[@B43-molecules-19-08629],[@B44-molecules-19-08629]\]. Due to such use there is the potential of contamination to water supplies. PHA beads displaying OpdA were able to effectively degrade the organophosphate insecticide coumaphos present in undiluted wool scour in less than two hours \[[@B26-molecules-19-08629]\]. Finally, PHA beads displaying enzymes have potential use in fine chemical synthesis. The NanA and Slr1975 enzymes can catalyse a reaction pathway involved in the synthesis of *N*-acetylneuraminic acid (Neu5Ac), a precursor of an antiviral used as a neuraminidase inhibitor for the treatment of influenza virus infections \[[@B45-molecules-19-08629],[@B46-molecules-19-08629],[@B47-molecules-19-08629]\]. Both single enzyme and double-enzyme beads were successfully employed in the production of this fine chemical, and represent an alternative to chemical synthesis \[[@B25-molecules-19-08629]\]. The successful display of active enzymes that exhibit a range of quaternary structure and activity illustrates the versatility of the PHA bead enzyme immobilisation system for research and industry.

9. Performance of PHA Bead Immobilized Enzymes
==============================================

The initial fusion of LacZ to PhaC possessed immobilised LacZ with a binding affinity of 630 µM \[[@B22-molecules-19-08629]\] which was high when compared with the method of attaching LacZ covalently to gold-coated devices \[[@B48-molecules-19-08629]\]. Immobilisation of the α-amylase to PHA beads resulted in Michaelis-Menten kinetics with V~max~ at 506 mU/mg bead protein and a K~m~ of 5 µM \[[@B23-molecules-19-08629]\] which is consistent with free α-amylase at 9.6 µM but less than measured for α-amylase attached to cellulose beads of 44 µM \[[@B40-molecules-19-08629]\]. After three cycles of reaction the immobilised α-amylase retained 78% of its initial activity.

In the case of OpdA immobilisation, the K~m~ of covalently attached PhaC-OpdA protein was found to be 250 µM, about 1.6 times higher than free OpdA at 160 µM \[[@B26-molecules-19-08629]\]. The apparent k~cat~ for attached PhaC-OpdA was 139 s^−1^; 16 times lower than for free OpdA at 2300 s^−1^. These values result in a second order rate constant (k~cat~/K~m~) of 5.5 × 10^5^ M^−1^s^−1^ for attached PhaC-OpdA and 1.4 × 10^7^ M^−1^s^−1^ for free OpdA. The thermal properties were also assessed with attached PhaC-OpdA having slightly more thermal stability than free OpdA. An increase of 1.58 °C in apparent melting temperature and a slow decline in activity from 35--80 °C was seen in attached PhaC-OpdA compared to a rapid decline in activity for free OpdA at 55--70 °C. Both can perform in the demanding reaction environment of wool scour. Long-term stability was assessed in tap water at 25 °C with little loss in activity or difference between the attached and free OpdA observed after 11 days. After 5 months storage, 15% of the attached OpdA activity remained \[[@B26-molecules-19-08629]\].

Immobilisation of NemA to PHA beads resulted in a substantial increase in the K~m~ for chromium VI to 95 µM compared to the free NemA at 1.7 µM. However, the K~m~ for NADH was essentially identical: 49 µM for attached NemA compared to 45 µM for free NemA \[[@B24-molecules-19-08629]\]. Even though the immobilisation reduced the ability of NemA to transform chromium VI, the data indicated that it remained an efficient chromium VI reductase. Stability of the immobilised NemA was high, after nine months at 4 °C no reduction in enzyme activity was detectable \[[@B24-molecules-19-08629]\].

Activity of Slr1975 fusion protein immobilised to PHA beads was measured at 1.8 U/mg and 0.58 U/mg depending on the arrangement of the fusion protein \[[@B25-molecules-19-08629]\]. These values are lower than the previously reported activities of immobilised GlcNAc-2 epimerases which range from 3.4--29 U/mg protein \[[@B49-molecules-19-08629],[@B50-molecules-19-08629]\]. During the same study, NanA was also immobilised to the PHA beads. The activity of NanA fusion protein was measured at 43 U/mg and 82 U/mg \[[@B49-molecules-19-08629],[@B50-molecules-19-08629]\], again depending on the arrangement of the fusion protein. These values compared favourably with the previously reported activities of immobilised NanA between 2.5--36 U/mg protein. Moreover, an alternative GFP fusion protein particle approach for immobilisation of NanA resulted in specific NanA activity of 76 mU/mg \[[@B51-molecules-19-08629]\].

In general, the effect of immobilising an enzyme to the PHA beads is an increase in the K~m~ when compared to free enzyme. However, when compared to other immobilisation methods, the PHA system performs to approximately the same level in regard to the measured properties with some variation depending on the enzyme of interest. The direct comparison of specific enzymes immobilised to PHA beads and immobilised to GFP fusion protein particles is particularly relevant because of the similarity in fusion protein construction. In all three cases, NanA, α-amylase, and OpdA the performance under the same reaction conditions is less for the GFP fusion protein particles when compared to the equivalent PHA bead \[[@B51-molecules-19-08629]\]. This is likely to be due to differences in the way the different particles form and the resultant orientation and surface exposure of the respective enzyme. In the PHA beads the enzyme is displayed on the bead surface which allows for active site access by the substrate. In the GFP fusion particles, the enzyme may be buried in a random orientation and with limited substrate access to the enzyme.

10. Potential Applications
==========================

The PHA synthase enzyme immobilization system is amenable to functional fusions on both termini simultaneously \[[@B52-molecules-19-08629]\], even with two different enzymes \[[@B25-molecules-19-08629]\], or a protein functionality of choice ([Figure 2](#molecules-19-08629-f002){ref-type="fig"}). This creates an opportunity for a multistep catalysis reaction or biomolecular interaction to be established. In nature, many enzymes are known to operate in multi-enzyme complexes (MEC), for example tryptophan synthase, or the pyruvate dehydrogenase complex. Display systems which allow the immobilisation of two or more enzymes can be useful as a model of biological enzyme complexes. MECs have high local concentration of intermediates, lessening reaction inefficiencies caused by diffusion.

![Potential applications of the PHA bead display system.](molecules-19-08629-g002){#molecules-19-08629-f002}

This is especially valuable for highly reactive intermediates which degrade quickly. Of critical importance in a dual enzyme immobilisation system is the relative positioning of the enzymes and their level of interaction. In most dual immobilisation systems, steric hindrance prevents compact display. However, in the PHA system, the enzymes are brought together by the initial fusion, dimerization of PhaC, and formation of a PHA bead with a surface display of the fusion protein. Further, there is some evidence suggesting the PhaC dual fusion partners are in close proximity \[[@B25-molecules-19-08629],[@B52-molecules-19-08629]\]. The potential of the PHA immobilisation system to enhance dual enzyme display could be further explored with the widely used model glucose oxidase/horse radish peroxidase (GOx/HRP) glucose detection system. Certain dual enzyme display approaches have been shown to enhance intermediate hydrogen peroxide conversion up to 250% compared with the equivalent amount of free enzyme in solution \[[@B53-molecules-19-08629]\]. Other systems could include a main enzyme and a secondary helper enzyme which enhances enzymatic activity by regeneration of cofactors. An example of fine chemical synthesis by a dual enzyme system is [d]{.smallcaps}-hydantoinase/[d]{.smallcaps}-carboamylase ([d]{.smallcaps}-case) which mediates the formation of the optically pure antibiotic precursor, p-hydroxyphenylglycine ([d]{.smallcaps}-pHPG), from a racemic mixture of hydroxyphenylhydantoin \[[@B54-molecules-19-08629]\]. In commercial preparation of [d]{.smallcaps}-pHPG, a chemical process is used for the second step due to the high oxidative sensitivity and low stability of [d]{.smallcaps}-case. A dual enzyme system immobilised to chitin had increased pH stability and activity at low temperatures \[[@B54-molecules-19-08629]\]. Finally, the enzyme pair could work in tandem to produce a greater result than either could produce alone, such as the industrially useful enzyme laccase combined with HRP. This combination allows the breakdown of lignin to occur to a greater extent than each enzyme separately \[[@B55-molecules-19-08629]\].

11. Discussion
==============

The recent studies on the PHA biobead enzyme display technology have revealed the flexibility of the system. It is able to successfully express enzymes with different functional roles, varying quaternary structure, and potential applications. The K~m~ is often, but not always, higher for the immobilised enzyme than the free enzyme meaning lower substrate binding affinity for the attached enzyme. In the case of immobilised OpdA, k~cat~ was also substantially reduced \[[@B26-molecules-19-08629]\]. However, it is expected that immobilised enzymes would have weaker substrate affinities when compared to their free counterparts in solution. One of the main advantages of enzyme immobilisation is the ability to recycle the enzyme over multiple uses. The α-amylase displaying beads were able to be recycled over three reactions while the NanA and Slr1975 displaying beads were able to be used over five cycles each \[[@B23-molecules-19-08629],[@B25-molecules-19-08629]\].

Additional research has included studying the function of enzymes displayed on PHA beads in comparison to enzymes immobilised to GFP fusion protein particles \[[@B51-molecules-19-08629]\]. Samples were standardised based on the amount of fusion protein per reaction, and then subjected to a variety of treatments followed by the respective activity assay. Beads and particles displaying BLA, NanA, and OpdA were assessed. In all cases enzyme-bearing PHA beads catalysed higher rates of reaction, as well as achieved higher levels of product formation \[[@B51-molecules-19-08629]\]. This difference in activity is possibly due to differences in the way in which PHA beads and GFP particles form, and the resultant display of the enzymes. As explained above, the PhaC is responsible for the formation of PHA beads, and remains covalently attached at the bead surface \[[@B12-molecules-19-08629]\]. Therefore, any enzyme that is fused to PhaC is also displayed on the bead surface, and has ready access to substrate. Although no model for GFP particle formation has been proposed, evidence suggests that they are similar to inclusion bodies consisting of GFP fusion proteins that contain a fusion of GFP, an inactive variant of PhaC (PhaC(C319A)), and the relevant enzyme fused at the C-terminus. The inactive PhaC was also found to be replaceable by different polypeptides serving as linker between engineered GFP and the fused target protein. Inclusion bodies are protein aggregates that have been commonly observed in bacteria that have been engineered to overproduce recombinant proteins \[[@B56-molecules-19-08629]\]. They form through the aggregation of partially misfolded proteins that have been overproduced, which form proto-aggregates that aggregate further to form mature inclusion bodies \[[@B57-molecules-19-08629],[@B58-molecules-19-08629]\]. Furthermore, structural analysis of inclusion bodies has identified native-like secondary structure of the constituent proteins and amyloid-like cross-molecular β-sheet formations indicating an ordered process of formation \[[@B56-molecules-19-08629],[@B59-molecules-19-08629]\]. Although inclusion bodies exhibit an ordered structure the constituent proteins are displayed throughout the aggregate. In terms of enzyme-bearing GFP particles, this means there is little control on the placement and orientation of the enzyme fusions. As the assays were standardised on the amount of fusion protein, most of the fusion protein used in the GFP particle reaction was below the surface of the particle separated from substrate. Furthermore, it is also possible that the enzyme portion of the surface fusion proteins are still buried below the surface of the particles, or in an orientation that restricts movement, therefore, resulting in decreased activity. Moreover, if the formation of GFP particles abides by the current model of inclusion body formation not all of the fusion protein of the GFP particles will be correctly folded \[[@B56-molecules-19-08629],[@B58-molecules-19-08629]\]. Therefore, only a fraction of the fusion protein in GFP particles will consist of active enzyme of which only a fraction will have access to substrate. Observing decreased enzyme activity of GFP particles in comparison to PHA beads indicates a favourable comparison to inclusion bodies, and that some enzyme molecules of the GFP fusion proteins are not optimally placed. Interestingly, GFP particles have been shown to function comparably to PHA beads, and even to a higher extent, in terms of IgG binding capacity when fused to the IgG binding domain ZZ derived from protein A\[[@B60-molecules-19-08629]\]. This could be due to differences in particle density, shape, surface area, the IgG binding sites in comparison to enzymes, and the ability of the ZZ-domain to rapidly fold after translation. However, despite this, enzyme activity comparisons based on fusion protein quantity highlights the importance of providing favourable conditions for enzyme protein folding, and for controlled enzyme placement and orientation.

12. Outlook
===========

The PHA beads immobilisation method was proven to be versatile as a variety of functionally and structurally diverse enzymes could be actively immobilised. Compared to other immobilisation methods the enzymatic properties of the PHA beads were not always superior. However, very little was undertaken to optimize the immobilisation strategy, *i.e.*, improve the design of the PhaC fusion protein. For example LacZ had a higher K~m~ and Slr1975 had a lower activity but NanA had a higher activity than other NanA immobilisation techniques \[[@B22-molecules-19-08629]\]. Direct experimental comparison of oriented PHA biobeads to GFP fusion particles revealed that enzymes immobilised to PHA beads consistently reached higher product formation rates \[[@B51-molecules-19-08629]\]. This effect was observed for enzymes active as monomers, dimers, and tetramers indicating the advantages and flexibility of the PHA biobead system. The production levels of 1.5 g per litre of bacterial culture for at least some enzyme biobeads indicate a high level of volumetric productivity \[[@B24-molecules-19-08629]\]. Attention to design of the fusion protein is needed as enzymes which may be functional when expressed on one terminus of PhaC are sometimes not functional when fused to the other \[[@B25-molecules-19-08629]\]. Future research in this field will include double enzyme fusions especially in high-value product lines such as biofuels, flavanoids, and optically pure pharmaceuticals.
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